We present a long-term programme for timing the eclipses of white dwarfs in close binaries to measure apparent and/or real variations in their orbital periods. Our programme includes 67 close binaries, both detached and semi-detached and with M-dwarfs, K-dwarfs, brown dwarfs or white dwarfs secondaries. In total, we have observed more than 650 white dwarf eclipses. We use this sample to search for orbital period variations and aim to identify the underlying cause of these variations. We find that the probability of observing orbital period variations increases significantly with the observational baseline. In particular, all binaries with baselines exceeding 10 yrs, with secondaries of spectral type K2 -M5.5, show variations in the eclipse arrival times that in most cases amount to several minutes. In addition, among those with baselines shorter than 10 yrs, binaries with late spectral type (>M6), brown dwarf or white dwarf secondaries appear to show no orbital period variations. This is in agreement with the so-called Applegate mechanism, which proposes that magnetic cycles in the secondary stars can drive variability in the binary orbits. We also present new eclipse times of NN Ser, which are still compatible with the previously published circumbinary planetary system model, although only with the addition of a quadratic term to the ephemeris. Finally, we conclude that we are limited by the relatively short observational baseline for many of the binaries in the eclipse timing programme, and therefore cannot yet draw robust conclusions about the cause of orbital period variations in evolved, white dwarf binaries.
angular momentum occurs through the emission of gravitational wave radiation (Paczyński 1967; Faulkner 1971; Landau & Lifshitz 1975) . At longer orbital periods ( 3h) the loss of angular momentum is driven by a mechanism called magnetic braking instead (Huang 1966; Mestel 1968; Verbunt & Zwaan 1981) . This occurs because the mainsequence star emits a stellar wind that flows away from the star and is forced by the magnetic field to corotate with the star out to the Alvén radius. There, the matter decouples from the magnetic field and takes angular momentum with it, thereby decreasing the spin angular momentum of the star. This phenomenon has been measured indirectly by its effect on the rotation rate of single stars (Schatzman 1962; Kraft 1967) . In close binaries, tides force the low-mass main sequence star to rotate synchronously with the orbital motion, so that the star's spin period equals the binary's orbital period. Therefore the angular momentum that is carried away by the stellar wind is effectively removed from the binary's orbital angular momentum, causing the binary's orbit to decrease over time. Magnetic braking is especially important in cataclysmic variable stars and their progenitors. These binaries have separations that are small enough for magnetic braking to drive the binaries closer together and thereby drive evolution of the ongoing mass-transfer and the binary itself (Rappaport et al. 1983; Knigge et al. 2011 ).
In addition to these secular processes, other processes may be at work that make it appear as if the binary is losing angular momentum, while this is in fact not the case. The two most popular theories include one now often referred to as Applegate's mechanism (Applegate & Patterson 1987; Applegate 1992 , see also Lanza et al. 1998) , and the presence of circumbinary planet-like or brown dwarf-like bodies of mass (see for example Beavers et al. 1986; Beuermann et al. 2013a; Marsh et al. 2014 ). Applegate (1992) proposed that a main sequence star in a close binary may experience magnetic cycles during which angular momentum is redistributed between the core and the outer layers of the star by the turbulent motion in the convective region and the torques produced by the differential rotation. This also causes the star to deform and become oblate, therefore changing its gravitational quadrupole moment. In turn, this couples to the binary's orbit, which subsequently changes its orbital period on the same quasiperiodic time scales as the magnetic activity cycles that drive this mechanism. Note that no angular momentum is lost from the binary during this process, it is simply redistributed within the main-sequence star. Nonetheless, this requires energy and since the orbital period variations are driven by the main-sequence star in the binary the maximum amplitude of the variations is determined by the maximum amount of energy available in this star. Generally, in close white dwarf binaries, the main-sequence companions are M-dwarfs. The luminosities of these stars can be considered as their maximum energy budget available to drive the magnetic cycles, their physical distortions, and therefore the binary's orbital period variations. For certain white dwarf + M-dwarf binaries in which large variations of this kind have been observed, the energy budget is seemingly insufficient (Brinkworth et al. 2006; Bours et al. 2014b ). However, note that a modified version of Applegate's mechanism predicts that orbital period variations can be induced while only requiring a fraction of the energy of the original mechanism of Applegate (1992) , see Lanza et al. (1998) and Lanza (2006) .
Lastly, an unseen companion in a wide, circumbinary orbit around a white dwarf + M-dwarf binary may make it appear as if the binary itself is losing angular momentum and changing its orbital period. We will refer to such companions as circumbinary planets or circumbinary brown dwarfs hereafter. The presence of this extra mass causes the binary to periodically change its distance to a given observer, thereby causing eclipses to be observed slightly advanced or delayed with respect to the expected eclipse time in a sinusoidal manner (Irwin 1959) . In the last few years the first circumbinary planets have been discovered around double main-sequence star binaries through transits in the light curves (Doyle et al. 2011; Welsh et al. 2012; Orosz et al. 2012a,b) , leaving no doubt about the existence of planets in so-called P-type orbits (Dvorak 1986 ). However, in close white dwarf binaries the primary star has evolved off the main-sequence, and the binary has likely gone through a common-envelope phase. This may have destroyed any planetary system present (Veras & Tout 2012; Mustill et al. 2013) , leaving it far from certain that planetary systems exist around white dwarf + main-sequence star binaries. On the other hand, circumbinary planets may be able to form again in a second phase of planet formation, triggered in the ejecta of the binary's common-envelope phase (Schleicher & Dreizler 2014; Bear & Soker 2014) , and so it is not completely unlikely that some indeed exist. However, the first direct search for a circumbinary brown dwarf, whose presence was suggested by substantial eclipse timing variations, has resulted in a non-detection (Hardy et al. 2015) .
All four processes previously mentioned may be measured in observational data of a binary if it is possible to measure a regular, unrelated phenomenon in that binary. This could be the eclipse of a white dwarf, hot subdwarf star or neutron star (Wood & Forbes 1963; Parsons et al. 2010b; Kilkenny 2011; Hermes et al. 2012) , the very regular pulses that a magnetic neutron star emits (Wolszczan & Frail 1992; Wolszczan 1994) , or pulsations of stars themselves (Silvotti et al. 2007; Mullally et al. 2008; Hermes et al. 2013) . Such a precise clock allows the observer to measure changes in the orbital or spin periods in the system. Generally, observational data would also allow one to distinguish between certain mechanisms through the time scale on which the phenomena occur. Both magnetic braking and gravitational wave emission are secular processes, evolving slowly and steadily and typically taking 10 8 -10 9 years. Orbital period changes caused by an Applegate-like mechanism or apparent variations caused by circumbinary objects on the other hand typically take place on 10 -100 year time scales.
To complement the ongoing discussion about observed apparent orbital period variations in close binaries, we have set up an eclipse timing programme that focuses on measuring eclipse times of a large number of such binaries. In this paper we focus on close binaries in which the primary star is a white dwarf. This offers the advantages that the eclipse ingress and egress features are short and sharp. In addition, the white dwarfs are often substantially hotter than their low-mass companions, leading to deep eclipses. Both advantages facilitate precise and accurate timing of the eclipses. Through regular eclipse observations over a baseline of years to decades, we hope to create a picture that shows which of these evolved binaries display orbital period variations and how prominently these are present in certain categories of binaries. Large surveys such as the Sloan Digital Sky Survey (SDSS, York et al. 2000) and the Catalina Sky Survey (CSS, Drake et al. 2009 ) have increased the number of known eclipsing white dwarf binaries to several hundred in recent years (Ritter & Kolb 2003; Parsons et al. 2013a Parsons et al. , 2015 . With this increase in sample size, it is now possible to perform long-term monitoring of an entire population of evolved binaries. Previous studies using smaller samples of binaries have already shown that almost all binaries that have been monitored for more than ∼ 5 years show apparent orbital period variations (Zorotovic & Schreiber 2013) .
OBSERVATIONS

Time scales used for timing periodic phenomena
Due to the Earth's motion around the Sun and the finite speed of light, the exact time that a certain event is observed depends upon the changing position of the observer, as well as the particular clock used to express the time. To be able to compare observations from different epochs, the observed time can be converted to a number of time stamps (Eastman et al. 2010) . To obtain the highest precision in this paper, we use Barycentric Modified Julian Dates (BMJD), which are corrected for the motion of the Sun around the barycentre of the Solar system. Together with Barycentric Dynamical Time, which is a relativistic time standard in the reference frame of the Solar system barycentre, all times in this paper are quoted in BMJD(TDB). For data taken as part of the eclipse timing programme described here, we also include the MJD(UTC) eclipse times, which is the time scale used to time stamp the observations. Times taken from the literature are, when not already in BMJD(TDB), converted to this time scale (Eastman et al. 2010 ).
Targets
Our eclipse timing programme includes 67 eclipsing binaries. Of these, 58 are detached binaries, with 54 white dwarf + main-sequence star binaries, 1 white dwarf + brown dwarf binary and 3 double white dwarf binaries. Basic information about these targets is listed in Table 1 . The remaining 9 targets are semi-detached white dwarf binaries, also known as cataclysmic variables. There are 3 cataclysmic variables in our programme that have strongly magnetic white dwarfs, and are therefore classified as polars. In addition, there is 1 cataclysmic variable with a brown dwarf donor star. See Table 2 for details of these semi-detached binaries. Although the erratic features in the light curves caused by the variable accretion rate in these systems complicate the determination of accurate eclipse times, their tendency to experience outbursts also means that some of these cataclysmic variables have first been discovered decades ago. Their eclipse observations therefore tend to span a much longer baseline than those of the morerecently discovered detached binaries. This may be useful for revealing periodic variability of the eclipse times on decade time scales.
Observing strategy
The eclipse observations presented here were taken using a number of telescopes and instruments. Mostly they were done with ULTRACAM (Dhillon et al. 2007 ) on the 4.2m William Herschel Telescope (WHT) and the 3.6m New Technology Telescope (NTT), ULTRASPEC (Dhillon et al. 2014 ) on the 2.4m Thai National Telescope (TNT) and RISE on the 2.0m Liverpool Telescope (LT; Steele et al. 2004 Steele et al. , 2008 . A full list of the telescopes and instruments used to obtain our observations can be found in Table 3 . For each binary in the timing programme, the number of new eclipse times are listed in Tables 1 and 2 . The eclipse times themselves will be available online (through Vizier 1 ) for each binary. There we also include eclipse times from the literature, where available, for the purpose of completeness. Note though, that we exclude eclipse times with uncertainties exceeding 20 s.
In total, the sample includes more than 650 new, previously unpublished eclipse times, ranging from 1 for some of the newer or very long-period white dwarf binaries up to 20 -30 for those binaries that were starting to show O-C variability and therefore justified close monitoring.
THE O-C METHOD
The method of timing a specific feature in the light curve of a star or binary and comparing this observed time to a time calculated from an ephemeris is a validated approach that has been in use for decades. The residuals in the form of observed minus calculated (O-C) times can be used to investigate the evolution of the star or binary in which the feature that is being timed originates. This technique is a powerful tool for revealing behaviour that deviates from the assumed model, as such deviations will show up as non-zero residuals, although the accuracy depends on the accuracy with which the feature itself can be timed. This feature is generally a steady periodic phenomenon, such as the pulses emitted by a rapidly-rotating neutron star (Wolszczan & Frail 1992; Wolszczan 1994) , eclipses in binary stars (Wood & Forbes 1963; Parsons et al. 2010b; Hermes et al. 2012; Lohr et al. 2014) , or stellar pulsations (Silvotti et al. 2007; Mullally et al. 2008; Hermes et al. 2013) . Modelling these residuals can reveal the underlying process that causes them. Here, one can think of the presence of circumstellar or circumbinary planets, a change in orbital period due to angular momentum loss or redistribution through magnetic braking, gravitational wave emission or Applegate's mechanism. It might also be possible to detect long-term evolutionary processes such as white dwarf cooling which affects pulsation periods and amplitudes.
In the remainder of this paper we will use this O-C method, applied to white dwarf eclipse times, to search for Table 2 . List of the 9 semi-detached eclipsing white dwarf binaries (cataclysmic variables) included in the monitoring programme described in this paper, sorted by RA. The SIMBAD identifier, frequently used alternative name and spectral type of the companion star to the white dwarf are given where available, with a star (*) indicating polars in which the white dwarf is strongly magnetic. The numbers in the parentheses following the zero-point and orbital period of the best linear ephemeris indicate the uncertainty in the last digits. The column marked with a # shows the number of new eclipse times presented here and the last column lists references for the discovery, a detailed study of the binary and/or the companion's spectral type. References: (1) Patterson (1981) - (2) Feline et al. (2005) - (3) Knigge (2006) - (4) deviations from a constant orbital period. For this we assume a linear ephemeris that takes the form of
for each binary. Here P orb is the orbital period of the white dwarf binary, T0 is the time at which the cycle number E = 0, and T is the time of a given orbital cycle E. The best linear ephemerides for the targets in the eclipse timing programme are listed in Tables 1 and 2 , and were calculated using a linear least-squares approach to minimise the residuals. An overview of O-C variations of a representative sample of eclipsing white dwarf binaries is given in Fig. 1 .
MEASURING ECLIPSE TIMES
For each eclipse time we list the cycle number based on the best linear ephemeris, and the telescope+instrument combination used for obtaining the data, or the paper reference if the time has previously been published. As a representative example of the layout of the eclipse times tables, the eclipse times for SDSS J030308.35+005444.1 are shown in Table 4 . Note that for data taken with ULTRACAM, which observes in three wavelength bands simultaneously, we present the weighted average of the three eclipse times. Also note that the times from Backhaus et al. (2012) were published in the time standard BJD(TT). However, the difference between BJD(TT) and BJD(TDB) is at most 3.4 ms, which is well within the uncertainties on the mid-eclipse times.
Detached binaries
To measure mid-eclipse times for the detached binaries we use the program lcurve 2 . This program is designed to model short-period white dwarf + main-sequence star binaries, and can account for eclipses, deformation of the secondary star because it is close to filling its Roche lobe (ellipsoidal modulation), and reprocessed light from the white dwarf by the M-dwarf (reflection effect), see Fig. 2 . Limb darkening can be specified for both stars, using either a polynomial of up to fourth order, or the four-parameter law from Claret (2000) . Coefficients for the white dwarfs are taken from Gianninas et al. (2013) , and those for late main-sequence stars from Claret & Bloemen (2011) . In addition it is possible to include gravitational lensing (Marsh 2001 ) and the effect of gravity darkening for each star (Claret & Bloemen 2011) . The latter becomes important for significantly Rochedistorted stars and for those stars that are rapidly rotating. Doppler beaming (Loeb & Gaudi 2003) and a Rømer delay (Kaplan 2010) can be included as well, but these effects are generally negligible for the binaries in the eclipse timing programme. Some more details about lcurve can be found in Pyrzas et al. (2009) and Copperwheat et al. (2010) . For an example of a detailed study of an eclipsing binary that includes a reflection effect, ellipsoidal modulation, gravitational lensing and Doppler beaming, see Bloemen et al. (2011) . Once a good model is found for a binary, subsequent fits of new eclipse data only require as free parameters the mideclipse time t mid and the secondary star's temperature T2 to obtain a good fit, plus an overal linear or quadratic trend if significant changes of the relative colours of the star with airmass need to be modelled as well. By not optimising every parameter for every individual data set one avoids ending up with highly degenerate models and overly large uncertainty estimates.
Semi-detached binaries
Measuring eclipse times for semi-detached binaries is complicated by the inherent flickering in the light curves of these systems, which is caused by the varying accretion rate. On top of this, there are additional features near the white dwarf eclipse caused by the eclipse of the accretion disc and bright spot in non-magnetic systems and intermediate polars, and of the hot spot on the white dwarf's surface in polars. Therefore we chose to approach the fitting as done in Bours et al. (2014b) , where the ingress and egress of the white dwarf eclipse are fit by a least-squares approach using a function that is composed of a sigmoid and a straight line,
Here x and y are the time and flux measurements of the light curve, and k1 to k5 are coefficients of the fit. The straight line part allows fitting the overall trend outside and during ingress and egress. For polars, this includes the ingress and egress of the white dwarf itself, which can have a significant contribution, especially when the entire system is in a low state. The sigmoid part of the function fits the ingress or egress of the white dwarf, or the hot spot on the white dwarf for polars. To determine uncertainties, these fits are performed in a Monte Carlo manner in which the values of the data points are perturbed based on their uncertainties and the number of included data points are varied by a few at each edge, thereby reducing any strong effects in the results caused by single data points.
Note that because of the presence of flickering and the varying mass-transfer rates the exact shape of the light curves of semi-detached binaries can vary significantly over a time scale of months -years. Measuring exactly the same feature in the white dwarf eclipse is therefore less straightforward than it is with detached binaries.
TRENDS IN ECLIPSE TIME VARIATIONS
For some binaries it is possible to fit the eclipse times with models based on the assumption that circumbinary planets are present, but for most binaries such models have been refuted by additional data (Parsons et al. 2010b; Bours et al. 2014b) or by detailed dynamical stability analyses Horner et al. 2012; Wittenmyer et al. 2013) . It is somewhat more difficult to rule out the presence of Applegate's mechanism, although arguments on energetic grounds can be considered (Brinkworth et al. 2006; Völschow et al. 2016) .
Because it can be difficult to confidently determine the cause of eclipse time variations in a given binary, we may Tables 1 and 2 . be able to say something about the principal mechanism at work in these binaries by searching for trends in a large set of such systems. First of all, in Section 5.1, we explore whether a correlation exists between the amount of observed O-C variations and the baseline of the eclipse observations. Such a correlation would indicate that the present data set is still too limited to draw robust conclusions. In Section 5.2, we investigate the possibility that the O-C variations are the result of an Applegate-like mechanism. In particular, with increasing spectral type, from M0 to M8 and into the brown dwarf regime, such a mechanism is expected to become much less effective as the luminosity of the white dwarf's companion decreases. Therefore the O-C variations should become less pronounced, if not completely disappear. In addition, we expect to see no orbital period variations at all for double white dwarf binaries. This is because white dwarfs are not thought to experience magnetic cyclic behaviour, and because they have extremely small R2/a values. Therefore they cannot drive orbital period variations of the kind predicted by the Applegate and Lanza mechanisms (Applegate 1992; Lanza et al. 1998; Lanza 2006 ).
In the event that the observed behaviour is caused by the presence of circumbinary planets, it is likely that there is no particular correlation present. This is because circumbinary planets can, in principle, form around a wide variety of binaries, and so there is no reason for them to be present preferentially around certain types of binaries. However, there may be a fundamental difference in the number and/or nature of the planets, depending on how planets form and/or survive around binary proto-stars and evolving close binaries (see for example Zorotovic & Schreiber 2013) . Either way, if circumbinary planets are present around the close white dwarf binaries such as those presented here, one has to be able to fit the O-C residuals with models of circumbinary planetary systems, which, in addition, have to be dynamically stable (Marsh et al. 2014 ).
Baseline of observations
An attempt to quantify the amount of eclipse timing variations as a function of the baseline of the observations for the various binaries is shown in Fig. 3 . Here, the root mean square (RMS) of the residuals is calculated using the stan- Bottom: light curve showing the reflection effect, present in close binaries with a hot white dwarf. Because the stars are locked in synchronous rotation, one hemisphere of the M-dwarf will be strongly irradiated, and will therefore emit additional reprocessed radiation. Note that in all three types secondary eclipses at phase 0.5 are often not visible because the white dwarf covers such a small area of the M-dwarf, which is also much cooler.
dard formula,
in which xi, yi and σi are the cycle number, eclipse time and uncertainty in the eclipse time and y is the best linear ephemeris of these N data points. Fig. 3 shows the RMS values for each binary as a function of the total baseline spanned by the eclipse observations for the given binary. It appears that the RMS saturates at a value near 100, although the log-scale of the plot enhances this feature. Nevertheless, the figure indicates that any white dwarf + lowmass main sequence star binary with eclipse observations spanning at least 10 years is extremely likely to show significant residuals in the O-C eclipse times. The only real exception in our sample so far is SDSS J1035+0551, which is a cataclysmic variable with a brown dwarf donor (Littlefair et al. 2006a) . The observational baseline is close to 10 yrs for this binary, and the O-C times are perfectly flat (see the thumbnail with ID number 61 in Fig. 1 ). This idea is reinforced by Fig. 4 , which, in addition to the points in Fig. 3 , also shows the RMS values of intermediate sets of eclipse times in grey. These intermediate RMS values are calculated using an integer number of eclipse times, starting with the first three, increasing by one with each step, and calculating the best linear ephemeris and corresponding RMS for these sets of eclipse times. One of two clear exceptions to the general trend is shown by GK Vir, which continues at an RMS close to 1, until the baseline of the observations reaches ∼ 27 years. However, this behaviour is caused by an extremely large gap of nearly the same duration in the eclipse observations, rather than by an actual feature of the data. The second exception, EP Dra, has a similar gap in the observations, in this case of roughly 22 years. It appears that the baseline of the eclipse observations is indeed quite an important factor in determining whether or not O-C variations are present. Although not unexpected, the long minimum baseline of ∼ 10 years required means that a lot of data needs to be acquired before robust general conclusions can be drawn. This is particularly important because mixing short and long baselines may work to obscure trends in the data.
Are the O-C variations caused by magnetic cycles in the secondary stars?
It is possible that the observed O-C variations are caused by the presence of magnetic cycles in the secondary stars, and therefore represent true variations in the orbital periods of these binaries. Because Applegate's mechanism is driven by magnetic cycles in the companion, and because magnetic activity decreases towards later spectral types, a correlation between the spectral type and the amount of O-C variations is to be expected. In addition, the maximum energy available for driving the magnetic cycles is given by the star's total luminosity, which correlates steeply with the star's mass and spectral type. For binaries with later spectral types, and masses close to the stellar -brown dwarf limit, we therefore expect much smaller O-C variations, if any are present at all.
To search for such a correlation, Fig. 5 shows the RMS of the eclipse time residuals with respect to the best linear ephemeris as a function of the secondary star's spectral type. In addition, the grey scale indicates the length of the baseline of the eclipse time observations, which continues to be an important factor.
From Fig. 5 it appears that there could indeed be a correlation between the amount of O-C variations and the spectral type of the secondary star. However, note that we do not yet have binaries with baselines exceeding 10 yrs at all secondary star spectral types. Nonetheless, binaries with secondaries of spectral type M6 -M8, brown dwarfs or white dwarfs evidently have smaller RMS values. Our sample of binaries with such late-type secondaries is limited to 11. Of these, SDSS J103533.02+055158.3, a cataclysmic variable with a brown dwarf donor (Littlefair et al. 2006a) , has the longest observational baseline of 9 yrs. Note that when we only consider binaries with baselines smaller than 10 yrs, the RMS values of binaries with secondary star spectral types earlier than M6 are on average still larger than those of binaries with later spectral types. It therefore appears that there are indeed two different populations, with the separating line close to spectral type M6. This behaviour may result from the transition of low-mass main sequence stars having a radiative envelope and convective core at earlier spectral types, to being fully convective at late spectral types (Chabrier & Baraffe 1997) . Due to this absence of the tachocline in late-type stars, the magnetic fields may be generated through a different mechanism than in early-type stars (Morin et al. 2008 (Morin et al. , 2010 . Studying which secondary stars drive orbital period variations in white dwarf binaries can therefore shed light on the presence and generation of magnetic dynamos in low-mass main sequence stars. In addition, long term monitoring can reveal the temporal variability of such magnetic fields through the observed orbital period variations.
Ideally, we would like to investigate whether the RMS of the O-C variations correlate with a parameter that represents the strength of an Applegate-like mechanism in a given secondary star. This parameter would primarily depend on the secondary star's luminosity, or equivalently, its mass (Applegate 1992; Völschow et al. 2016 ). The reason is that this parameter is representative of the maximum energy available in the star for driving the mechanism. A second important parameter would be the binary's orbital separation, representing the ease with which the mechanism can couple to the binary orbit. For larger separations, one needs a larger variation in the star's gravitational quadrupole moment in order to obtain orbital period variations of the same magnitude. Assuming an essentially constant period for the magnetic cyles as well as a constant period change relative to the binary's orbital period, the energy required to drive the O-C variations, ∆E, is given by
with Esec, Msec, Rsec and Lsec the energy, mass, radius and luminosity of the secondary star, and a bin the binary's orbital separation (Völschow et al. 2016) . However, for most binaries in our eclipse timing programme we do not know the masses of the secondary stars or the orbital separations of the binaries, and we only have the spectral types of the secondary stars. Estimates of masses from spectral types are typically quite inaccurate given that we do not know the age of the binaries, especially for latetype M-dwarfs. Therefore, because the star's luminosity and spectral type are closely related, until we know more about the individual binaries and secondary stars, we use the spectral types as an indicator for magnetic activity (see Tables 1  and 2 ).
A LOOK AT A FEW SELECTED BINARIES
This section includes a more detailed look at a few selected binaries, which are either interesting in their own right, or show behaviour representative of a group of targets in our timing programme. Table 1 . Note that the three eclipse times near cycle number -2000 are not reliable to within several seconds due to inaccurate timestamping of the data (Maxted et al. 2004) . Times with uncertainties larger than 3 seconds are shown in grey.
Binaries with long observational baselines
First of all we have a number of binaries for which the observational baseline is long, and which all show substantial O-C variations. As a member of this category, RX J2130.6+4710 is particularly interesting because this is the first time that its O-C variations have been detected, even though they have a large amplitude. Subsequently, we briefly discuss the observations of NN Ser and QS Vir, both of which have long histories concerning their O-C variations and proposed models to explain them.
RX J2130.6+4710
RX J2130.6+4710 is a detached white dwarf + M-dwarf binary, with an orbital period of ∼ 12.5 hours. A study of the system parameters based on phase-resolved spectroscopy and ULTRACAM photometry of this binary was published by Maxted et al. (2004) , who also published the first mideclipse times. Note that the eclipse times they measured from data using the 1.0m Jakobus Kapteyn and 2.5m Isaac Newton Telescopes on La Palma cannot be trusted to better than several seconds due to inaccurate timestamping of the data. We have therefore set the uncertainties of these times to 10 s. Unfortunately, RX J2130.6+4710 lies only 12 ′′ away from a bright G0 star (HD 204906), which complicates the extraction of the light curve, especially with data taken during variable atmospheric conditions. In addition, the M3.5 -M4 main-sequence star (Maxted et al. 2004 ) frequently experiences flares.
We obtained 15 new eclipse times with ULTRACAM, ULTRASPEC and RISE. These new times reveal an extreme deviation in the mid-eclipse times with respect to a linear ephemeris, see Fig. 6 , to the extent that the eclipse in September 2015 was observed almost 11 minutes later than expected from the original ephemeris published by Maxted et al. (2004) . The overall shape of the O-C times appears to be parabolic-like, and could correspond to part of a sinusoidal variation. Such a sinusoidal variability could result from an Applegate-like mechanism, or be the result of a reflex motion of the binary caused by a third companion. Given our observational baseline of 15 yrs, the mechanism at work operates with a period exceeding at least 30 years. Explaining the large amplitude of the O-C measurements with the presence of a third object would require a brown dwarf companion. Currently, the data covers too small a section of such a sinusoid to constrain the parameters of any sinusoidal fit. Regular eclipse observations in the coming years are necessary to shed further light on the O-C variations in this binary.
NN Ser
NN Ser is a white dwarf + M-dwarf binary with an orbital period of 3.1 h, showing not only eclipses but also a large reflection effect. This system has been studied extensively, both photometrically and spectroscopically (see Haefner 1989; Wood & Marsh 1991; Catalan et al. 1994; Haefner et al. 2004; Parsons et al. 2010a) . About 10 years ago, Brinkworth et al. (2006) noticed that NN Ser appears to show a decrease in its orbital period, and that this decrease is much larger than predicted by models of magnetic braking in close binaries or by the mechanism proposed by Applegate (1992) . Subsequent changes in the sign of the O-C variations definitively ruled out magnetic braking as the cause. Since then, the changes in the mid-eclipse times have been attributed to the presence of circumbinary substellar companions (Qian et al. 2009) . A more recent model includes two circumbinary Jovian planets, and has been refined with each release of new eclipse times (Beuermann et al. 2010 (Beuermann et al. , 2013a Marsh et al. 2014) . Out of all the white dwarf binaries showing eclipse timing variations, NN Ser is the only one in which the proposed circumbinary planetary models have survived the addition of new eclipse times, as well as rigorous dynamical stability analysis. Even the O-C variations in the secondary eclipse times follow the proposed model, thereby ruling out apsidal precession as the cause of the observed variations (Parsons et al. 2014) . A detection of a dust disc around NN Ser further supports the idea that circumbinary planets can form and exist around evolved binaries (Hardy et al. 2016) .
As part of the eclipse timing programme, we present 10 new eclipse times of NN Ser. With these new times, we have recalculated the planetary model fits and dynamical stability analyses presented in Marsh et al. (2014) . In order to obtain a good fit, the model now requires a non-zero quadratic term in the ephemeris, therefore corresponding to model 'B + e2 + β' from Marsh et al. (2014) . The best model, together with the O-C eclipse times, is shown in Fig 7. The number of dynamically stable models has decreased significantly, leaving only 1 model in 79700 that is stable for more than 1 Myr (the age of the close binary itself), see Figs. 8 and 9.
The periods of the two Jovian planets are further constrained by the additional data and now definitively favour a period ratio close to 2:1. The models with planetary periods close to the 5:2 ratio (Beuermann et al. 2010; Marsh et al. 2014) are no longer viable. The eccentricities of the planetary orbits are both non-zero, and the distribution of these parameters is shown in Fig. 9 . The long-period quadratic Marsh et al. (2014). term in the model is in the direction of a lengthening orbital period, and can therefore not be explained by natural processes that lead to angular momentum loss, such as magnetic braking or gravitational wave emission. Although it is far too early to say anything definitive about its origin, the quadratic term could be attributed to a third, more distant, circumbinary object. Note however that, given the spectral type M4 of the secondary star (Parsons et al. 2010a) , some form of Applegate's mechanism could well be at work in this binary. If both Applegate's mechanism and circumbinary planets are present, this severely complicates the process of modelling the eclipse times, since we cannot model the effect of the magnetic activity cycle. The best test of the planetary model with two Jovian planets will come in 2018-2019, when the model predicts a maximum and subsequent downturn in the O-C eclipse times. 
QS Vir
QS Vir is a white dwarf + M-dwarf binary, also known as EC 13471-1258, discovered in the Edinburgh-Cape blue object survey (Stobie et al. 1997) . The red dwarf has a spectral type of M3, and almost completely fills its Roche lobe (O'Donoghue et al. 2003) , and the binary has therefore been classified as a hibernating cataclysmic variable by those authors. However, analysis of the white dwarf rotation showed that the system could also be a pre-cataclysmic variable (Parsons et al. 2011a (Parsons et al. , 2016 , although the hibernation theory is not fully excluded (Drake et al. 2014b) . Recently, it was also discovered that prominences from the M-dwarf appear to be locked in stable configurations within the binary system, and last there for more than a year (Parsons et al. 2016) . Besides the white dwarf eclipse, the binary's light curve shows a small reflection effect at blue wavelengths, and ellipsoidal modulation at redder wavelengths (Parsons et al. 2010b) .
There are 86 published mid-eclipse times as well as 24 unpublished as part of the eclipse timing programme presented here. As can be seen in Fig. 10 , QS Vir shows eclipse time variations with large amplitudes and with occasional extreme changes. From the latest eclipse times it appears that another local or absolute maximum might have been reached in the O-C residuals, similar perhaps to the O-C variations close to cycle number 5000 or 20000. Observations in the coming years will show if another abrupt shift occurs, and therefore whether or not the O-C variations are cyclic in their behaviour.
There have been several attempts to explain the cause of these large and erratic O-C variations. Qian et al. (2010) , following Brinkworth et al. (2006) , calculated the energy available in the secondary star, and showed that this was insufficient to cause the observed large-amplitude O-C variations through Applegate's mechanism. Instead, they proposed a combination of a large continuous decrease in the binary's orbital period and the presence of a circumbinary planet of ∼ 7 MJup. New eclipse data quickly showed that this hypothesis was wrong (Parsons et al. 2010b Table 1 . Times with uncertainties larger than 3 seconds are shown in grey.
data, which included two circumbinary planets. However, the extreme shift near cycle number 30000 forces at least one planet into a highly eccentric orbit, causing the entire planetary system to be dynamically unstable .
Clearly, the eclipse time variations in this binary are complex, and what causes them remains to be discovered. There are a few other binaries in the timing programme that show similarly large O-C variations, such as V471 Tau (Hardy et al. 2015) and HU Aqr (Bours et al. 2014b ).
Binaries with little or no O-C variability
The binaries mentioned above have eclipse observations spanning over at least a decade, but there are many binaries in the eclipse timing programme that have a shorter baseline. Some of these already show small O-C variations, while the data for other systems is still consistent with a constant orbital period.
SDSS J090812.03+060421.2, aka CSS 080502
CSS 080502 is a detached white dwarf + M-dwarf binary with an observational baseline of about five years, and it has already started to show some O-C variations, see Fig 11. It was discovered as an eclipsing white dwarf binary in CSS data (Drake et al. 2009 ), and has also been observed as part of SDSS as SDSS J090812.03+060421.2. Pyrzas et al. (2009) determined approximate parameters for the white dwarf and M-dwarf through decomposition and fitting of the available SDSS spectra. The M-dwarf has a spectral type of M4, as determined by Rebassa-Mansergas et al. (2012) , which is in good agreement with the previous determinations of Drake et al. (2010) and Silvestri et al. (2006) . CSS 080502 is a representative example of a number of targets in the timing programme, all of which have eclipse observations covering a few years and have started to show small-scale O-C variations on the order of ± 5 -10 seconds. Among others, this includes SDSS J1210+3347 and SDSS J1212-0123. 
SDSS J093947.95+325807.3, aka CSS 38094
There are also a few binaries which have so far shown no variability in their eclipse arrival times. One example of this class is CSS 38094, also known as SDSS J093947.95+325807.3. CSS 38094 was discovered in CSS data as a white dwarf + red dwarf binary, with the latter having a spectral type of M5. The more recent determination of spectral type from SDSS data agrees with this (Rebassa-Mansergas et al. 2012) . The first white dwarf eclipse times were published by Backhaus et al. (2012) , and we obtained 6 more as part of our timing programme.
The O-C diagram of CSS 38094 is shown in Fig. 12 , and is so far consistent with a linear ephemeris. Binaries with similarly flat O-C diagrams are SDSS J0314+0206, CSS 080408 and CSS 03170. However, for all of these binaries the eclipse observations span only a few years, and it is therefore too early to say whether these binaries indeed show no variations at all in the eclipse arrival times.
Two long-period binaries
We have two white dwarf + M-dwarf binaries with relatively long orbital periods in our eclipse timing programme. These are SDSS J092741.73+332959.1, with a period of 2.3 days and an observational baseline of ∼ 3 yrs, and SDSS J095737.59+300136.5, with an orbital period of 1.9 days and so far only one observed eclipse. Because of the large separation between the two stars in these binaries, we expect any Applegate-type mechanism to couple extremely weakly to the binary orbit. In this case, the O-C residuals should be consistent with zero. So far, the baselines are too short to draw conclusions.
In the long term, these two targets are prime indicators of whether or not an Applegate-or Lanza-type mechanism operates in white dwarf + M-dwarf binaries. Note however, that the long orbital periods also complicate the observations, primarily because the periods are close to a multiple of 24 h. Table 1 . Times with uncertainties larger than 3 seconds are shown in grey.
Binaries with brown dwarf or white dwarf secondaries
There are three double white dwarf binaries in our programme, CSS 41177 (Parsons et al. 2011b; Bours et al. 2014a Bours et al. , 2015 , GALEX J1717+6757 (Vennes et al. 2011; Hermes et al. 2014 ) and NLTT 11748 (Steinfadt et al. 2010; Kawka et al. 2010; Kilic et al. 2010; Kaplan et al. 2014 ). There are also two white dwarf + brown dwarf binaries in the eclipse timing programme, CSS 21055 (Beuermann et al. 2013b; Littlefair et al. 2014 ) and SDSS J103533.02+055158.3 (Littlefair et al. 2006a; Savoury et al. 2011) .
Note that for NLTT 11748, the eclipse times published by Kaplan et al. (2014) were said to be corrected to the solar system barycenter. However, together with those authors, we discovered that they were in fact converted to Barycentric Coordinate Time (TCB) and not Barycentric Dynamical Time (TDB). These two are linearly related 3 , and we have used this to convert the times from Kaplan et al. (2014) to BMJD(TDB) in order to be consistent with the new eclipse times measured as part of our eclipse timing programme.
As we do not expect any strong magnetic cyclic activity in white dwarfs or brown dwarfs, we expect the O-C diagrams of these binaries to be flat, consistent with a constant orbital period. The observational baselines for these five binaries range from 3 yrs to 9 yrs and are indeed all consistent with constant orbital periods.
CONCLUSIONS
The large eclipse timing programme presented here is the first step towards revealing the extent and amplitude of eclipse timing variations throughout the class of white dwarf binaries. In addition, it will enable the systematic search for 3 See the IAU resolution at www.iau.org/static/resolutions/IAU2006 Resol3.pdf.
correlations between the amount of eclipse timing variability and characteristics of the systems, such as the secondary star's spectral type.
Currently, we are mostly limited by the relatively short observational baselines for the majority of our targets. However, there are some preliminary conclusions that we can draw at this point.
• All white dwarf + M-dwarf binaries in the eclipse timing programme with observational baselines exceeding 10 yrs show O-C residuals on the order of 100 seconds.
• It appears that the presence of a circumbinary planetary system can be ruled out for almost all of these binaries with long baselines and large O-C variations. The one exception is the white dwarf + M-dwarf binary NN Ser, for which the data can still be fit with a model including two Jovian planets and a quadratic term in the ephemeris.
• Our programme contains 11 white dwarf binaries with secondary stars of spectral types M6 -M8, brown dwarfs or white dwarfs. Only two of these have an RMS > 1.3 for the O-C residuals. The first is SDSS J0106-0014, which has an M-dwarf with spectral type M6 (Rebassa-Mansergas et al. 2012) , and shows O-C variations of ± 5 s over a baseline of ∼ 6 years. The other binary, SDSS J1329+1230, has a very similar baseline, and also shows variations on the ± 5 s scale. The spectral type of the M-dwarf in this binary is somewhat uncertain, because it is not visible spectroscopically at optical wavelengths. As a best guess, it has been classified as an M6 from the SDSS spectra (Drake et al. 2010 ), but it could well be a subtype or two earlier or later.
• There is currently only one close eclipsing binary that has a long observational baseline of eclipse observations which are consistent with a constant orbital period, namely AA Dor (Kilkenny 2011 (Kilkenny , 2014 . This binary contains a hot subdwarf OB star and a low-mass companion at the substellar limit (Vučković et al. 2016) . Its observational baseline is now about 37 yrs (Lohr et al. 2014; Kilkenny 2014) . Given the low mass of the secondary star, this is in full agreement with the small RMS values that we found here for the white dwarf binaries with low mass secondaries.
Overall, we believe that it is most likely that the observed orbital period variations originate in the secondary stars in these binaries and work on the binary orbit through an Applegate-or Lanza-type mechanism. The fact that Applegate's mechanism can apparently be ruled out for some binaries with extreme O-C variations could be due to the fact that we do not completely understand either the processes acting in the low-mass main sequence stars or the way these couple to the binary orbits. Also, Lanza et al. (1998) and Lanza (2006) have suggested that the coupling of magnetic cycles to the orbital period could occur using only a fraction of the energy of the mechanism suggested by Applegate (1992) . In the future, with an expanded version of the timing programme presented here, we may be able to understand and possibly calibrate the magnetic behaviour of low-mass main-sequence stars. This could be of crucial importance for understanding planetary systems around such single lowmass stars, as well as observed transit-timing variations of, for example, hot-Jupiters around such stars (see for example Watson & Marsh 2010; Maciejewski et al. 2016) .
Finally, we expect that in practice the magnetic mechanism is entangled with other phenomena present in the white dwarf binaries studied here. This could include strong irradiation and subsequent inflation of the secondary star which could redistribute angular momentum, or the presence of a weak magnetic field in the white dwarf and the interaction between the stellar magnetic fields. Given the prevalence of planetary systems in all kinds of configurations as well as the fact that a significant fraction of white dwarfs continuously appear to be accreting heavy metals Koester et al. 2014) , it seems reasonable to assume that some planetary systems -or possibly their remnants -do exist around evolved white dwarf binaries. This is exactly what might be causing the O-C variations in NN Ser. However, we reiterate that for the vast majority of systems the data are inconsistent with O-C variations caused by external, line-of-sight variations.
